We present the formation of a complex molecular network consisting of highly water soluble l-DNA and a redox protein, Cytochrome c (Cyt c), at the air-water interface by Langmuir-Blodgett technique. Time dependent adsorption of these materials and the formation of a Cyt c/l-DNA complex interfacial layer in the Langmuir trough were systematically studied by recording surface pressure versus trough area isotherms after various subphase incubation times. We have succeeded in separating two effects: one is the phase change of the monolayers and the other is the number of molecules participating in the monolayer formation with the change in incubation time using a normalized isotherm in units of critical surface area. The interaction in the complex monolayer was found to be same as that of single component l-DNA during 3 h of subphase incubation. However, it was also similar to that of a single component Cyt c monolayer after 5 h incubation. The morphology and electrical polarizations of these interfacial films deposited onto a mica substrate were analyzed by Atomic Force Microscopy and electrostatic force microscopy respectively. It was found that Cyt c and l-DNA immediately form the complex network at the air-water interface, and change to rod-like large aggregates with prolonged incubation.
Introduction
Interactions of deoxyribonucleic acid (DNA) with water soluble proteins have attracted great attention in recent years for fundamental importance due to their involvements in some specic and non-specic interactions. 1 The specic type of interaction can be manifested as the intercalation of amino acid residues between the DNA base pairs or protein can bind to the DNA secondary structures.
2 But the non-specic binding arises due to electrostatic interactions between cationic parts of the protein with the anionic phosphate parts of DNA and this complexation is comparatively less stable as it excludes hydrophobic interactions. Also the strength of the DNA-protein assembly may depend upon the strength of the surrounding ionic environment. In recent times, DNA based nanoarchitechtures have attracted widespread interest because of their signicant role in developing nanoscaled scaffolds, frameworks and wires. [3] [4] [5] [6] On the other hand, electron transfer between proteins plays a vital role both in photosynthesis which harvests light energy as well as in metabolism that oxidizes fuel. This long range energy transfer may be attributed to the wellcontrolled interfacial associations of proteins.
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From the biotechnological point of view, the study on the interactions of DNA with protein is extremely important because of their possible applications namely, molecular recognition, enzyme immobilization etc. [8] [9] [10] Some reports suggest that 3D DNA arrangements (also known as DNA origami) 11 are capable of assembling proteins while preserving their functionalities. [12] [13] [14] However, it is of emerging interest to proceed rst for more controllable interfacial associations of electroactive protein molecules within DNA chains both for fundamental as well as technological applications especially in bio-molecular electronics such as advanced bio-sensing, arti-cial neuron-based information processing devices etc. utilizing their nanoscale electron transfer processes. [15] [16] [17] Also the rate and nature of electron transfer process may be realized by manipulating the organizations of their complex molecular assemblies at a nanometer scale. DNA has already been used to prepare some supramolecular network as the building block for assembling of redox protein namely, Cytochrome c (Cyt c) into multilayers redox-active centres of protein in the complex architectures. Although this ordered DNA network has some potential for their role in direct electron transport through redox proteins 18 but their industrial applications may be limited due to comparably less control over the molecular engineering of DNA assemblies onto solid substrate. Therefore, more experimental sophistication may be necessary which may require additional cost for large-scale of such nanofabrication. Recently, Kawai et al. 19, 20 also reported the molecular network arrangements of DNA organized onto solid substrate (mica or HOPG).
Langmuir-Blodgett (LB) method has long been acknowledged as an excellent approach to study the surface activity of protein and nucleic acids 21, 22 at air-water interface and to prepare their stable ultrathin lms onto solid substrates. It is well known that protein molecules have high tendency to accumulate at their phase boundary at the surfaces. 23 Many biological processes such as cell adhesion, blood clotting and so forth are basically the manifestations of the surface characteristics of proteins at the interfaces. The highly hydrophilic DNA molecule has been adsorbed onto oppositely charged surfactant monolayer at air-water interface and the resultant complex assemblies is easily immobilized onto solid substrate via LB method. 22, 24 In a recent work it is observed that only DNA can also form a well-ordered molecular network at air-water interface by means of LB technique. 25 However, the reason for this unusual phase behaviour of DNA molecules at air-water interface is not yet clearly explored. Additionally this surface activity of DNA can provide a new dimension for their interactions with water soluble protein to form well-ordered DNA-protein complex molecular architectures at air-liquid interface. Therefore systematic study is of prior importance to probe the interactions involved in the organizations of such complex molecular assemblies prepared via LB technique which may inuence the charge transfer reactions at their surfaces for suitable application.
In the present work, we basically address the formations of ordered complex molecular architecture composed of water soluble protein namely Cyt c and nucleic acid l-DNA at airwater interface and also successful transfer of this complex molecular assemblies onto solid substrate. Cyt c is a small ahelical heme protein with redox center and functions as an electron transporter in mitochondrial respirations. 26 Isoelectric point (pI) of Cyt c is 10.02-10.5 and the abundant charged lysine residues around the heme edge 27 is responsible for rapid interprotein electron transfer due to electrostatic steering.
28 Cyt c at neutral pH has a net positively charge causing its stickiness and this also facilitates some strong and unspecic interactions. 29 It can act as surfactant in reverse micellar solution.
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Research suggests that Cyt c/DNA multilayered systems exhibit highest accumulations of redox active materials. 32 However, for specic device or applications, it is very crucial to tailor the properties by changing the orientation of DNA/protein complex assemblies onto solid substrate. LB technique, in this regard, is an elegant choice because of its ability to manipulate molecular orientation and prepare ultrathin lms with highest materials transfer ratio. 33 So, this paper demonstrates the unusual surface activities of l-DNA, Cyt c and Cyt c/l-DNA complex molecular assemblies at air-water interface by means of LB technique. Surface pressure (p) versus area (A) isotherms studies revealed the formation of their monolayer at air-water interface aer allowing various subphase incubation times. The approach of normalized isotherms at a particular surface pressure and the critical surface area are introduced to probe their molecular level interactions during interfacial adsorption of Cyt c and l-DNA. Atomic Force Microscopy (AFM) in tapping mode has been utilized to understand the surface morphology of their LB lms deposited onto solid substrate. Electrostatic Force Microscopic (EFM) study in frequency shi non-contact mode of LB lm was also used to probe ionic interaction between l-DNA and Cyt c in the complex LB interfacial layer.
Experimental

Materials used
Cytochrome c (Cyt c) from horse heart and l-DNA were purchased from Sigma-Aldrich Chemical Company, USA and Takara Bio Inc., Japan respectively and used without further purication. Concentration of l-DNA aqueous solution as purchased was 0.36 g l À1 . Mica substrates for depositing LB lms were purchased from The Nilaco Corporation, Japan and were cut into 10 mm Â 10 mm pieces. Triple distilled deionised water (resistivity 18 MU cm) was prepared by Milipore Milli-Q water purication system (Model Number: DIRECT-Q 3 UV).
Preparation of Langmuir monolayers and LB lms
The surface pressure-molecular area (p-A) isotherms were prepared with a rectangular shaped Teon coated trough tted with two movable barriers attached to a fully computer controlled commercial LB lm deposition instrument (622D1, NIMA, UK and Small, KSV NIMA, Finland). The surface pressure was recorded with the help of a Wilhelmy plate one end of which is attached to a pressure sensor and other end is partially immersed onto the aqueous subphase of Langmuir trough. The trough was cleaned by potassium permanganate solution for at least 10 hours followed by rigorous cleaning by ultrapure water. In order to remove any organic contaminants, acetone was used to clean nally the Langmuir trough before lling it with the subphase (i.e. triple distilled deionized water). To obtain the p-A isotherms of l-DNA, Cyt c or Cyt c/l-DNA complex, 150 ml of l-DNA solution (concentration of 0.5 mg ml À1 ), 25 ml of Cyt c solution (concentration of 10 mg ml À1 ), and the pre-mixed one of both these solutions were spread respectively by a microliter syringe onto the aqueous subphase in Langmuir trough keeping pH at 6.2 and temperature of 25 C.
Aer spreading the samples, the subphase surface was incubated for different hours prior to barrier compression for recording the pressure-area isotherms. The compression was performed by two movable barriers at a rate of 5 mm min À1 .
Aer attaining the desired surface pressure by compressing the surface with the barrier, the interfacial molecular layers were carefully transferred onto freshly cleaved mica substrate by horizontal dipping method and then the lms were dried in air to prepare stable organized LB molecular lms.
Characterizations of LB lms by AFM and EFM
The morphology of LB lms of Cyt c as well as Cyt c/l-DNA complex were visualized and analysed by a commercial Scanning Probe Microscope (JSPM-4200, JEOL, Japan). The topographic images were obtained in tapping mode in air at ambient temperature and presented as raw data except little bit attening to correct the background curvature of the substrate surface used for LB lm deposition. The scanning tip used in the AFM measurement was a Si cantilever having a force constant of 25 N m À1 and resonant frequency of 300 kHz.
EFM images were obtained by frequency shi non-contact mode using phase-locked loop detector (OC4 station, NANO-NIS) and lock-in amplier (1550, EG & G, USA) at a pressure of 2 Â 10 À4 mbar with PtIr-coated cantilever having spring constant 42 Nm À1 and resonant frequency of 330 kHz. The detail experimental design was illustrated in one of our previous work.
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The simultaneous topography and the EFM images were taken without any unexpected charge injection from the tip to the sample surface.
Results and discussion
3.1. l-DNA, Cyt c and Cyt c/l-DNA complex molecular assemblies at air-water interface
The surface pressure vs. area (p-A) isotherms of single component l-DNA, single component Cyt c, and Cyt c/l-DNA complex monolayers at air-water interface are shown in Fig. 1 . In all the cases the subphase aer sample spreading were incubated for two hours before barrier compression for recording the isotherms. It is well known that l-DNA is well soluble in water. However, we observed that the surface pressure of l-DNA increases upon compression by barrier at air-water interface.
With the decrease in area of the subphase surface in Langmuir trough by movable barriers, the surface pressure rises very slowly from ca. 500 cm 2 and the slope becomes steep gradually aer reaching the surface area of 300 cm 2 . This tail and nonlinear behaviour of l-DNA isotherm might attribute to the interactions between long-chained DNA molecules. In the present experimental condition, the double stranded DNA molecules should always remain in the bulk solution phase in the trough. Therefore, the unusual formation of DNA monolayer may be due to the self-association of DNA chains at air-water interface. Such rise in surface pressure of DNA with increase in subphase incubation time has been reported by Dai et al.
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The appearance of surface pressure was also observed for Cyt c molecules which are well known as highly water soluble heme protein. However, the detailed behaviour of isotherms of the single component Cyt c is different from that of l-DNA. When the trough area becomes 320 cm 2 during the compression of interface layer, there is a sharp rise in surface pressure of Cyt c indicating the formation of condensed state of Cyt c monolayer layer at air-water interface. The observed isotherm shows a small tail and linear increase in comparison with that of DNA. This arise of surface pressure corresponds to a critical surface concentration of the protein molecules and only above which it can engage in intermolecular cohesive interactions at air-water interface thereby resulting a greater reductions in surface tension. 23 These results suggest that the interaction between Cyt c molecules can be explained as simple hard spheres.
The molecular assemblies of single component Cyt c at the surface pressure of 10 mN m À1 aer 2 h of subphase incubation was transferred onto a mica substrate and the surface morphology of this LB monolayer lm was observed by AFM as shown in Fig. 2 . Cyt c shows the close-packed particle-like images in the molecular layer with two different contrasts: the dark is ca. 1 nm for the majority and the bright is ca. 2 nm as shown in section prole of Fig. 2 . The natural diameter of Cyt c is known to be $3 nm. However it is well known that the height of protein reduces on the surface by adsorption energy. The presence of two kinds of height might reect the difference of adsorption energy due to the different orientation of Cyt c molecules assembled on to the substrate. Another possible explanation is that the bright contrast indicates overlayer simply but this is unlikely because the bright molecules seem not to sit on the gap site of rst layer molecules. On the other hand, isotherm of Cyt c/l-DNA complex molecular layer at air-water interface shows different behaviour when compared to the isotherms of single component protein or l-DNA. The area of the isotherm at a particular surface pressure is higher as compared with the sum of the area of individual isotherms of l-DNA and Cyt c molecular layer. This clearly indicates the presence of complex formation between l-DNA and Cyt c at the air-water interface. It also implies that the bond formation between Cyt c and l-DNA proceeds effectively at air-water interface where less hydrophilic environment is favourable for less charged complex consisting of positive amino-residue of Cyt c and negative phosphate backbone of DNA. Fig. 3 shows schematic illustration of the formation of Cyt c/l-DNA complex molecular assemblies at air-water interface. For both the separate isotherms of l-DNA and Cyt c, the portion of the molecule at air-water interface is determined by the equilibrium between the bulk water and the interface. However, due to the formation of complex between Cyt c and l-DNA the equilibrium moves towards the interface and this is manifested as the observed high surface pressure in case of Cyt c/l-DNA mixed monolayer at air-water interface. The shape of Cyt c/l-DNA complex isotherm shows rapid increase near critical area and small tail which is different from l-DNA isotherm but almost same as that of Cyt c. This suggests that the motion of long-chained DNA in Cyt c/l-DNA complex is considerably restrained even under weak surface pressure.
To understand the association and complex formation of Cyt c and l-DNA, molecular layer of Cyt c/l-DNA complex (1 layer) was transferred onto mica substrate at surface pressure of 10 mN m À1 aer 2 h of subphase incubation (before running the isotherm). Fig. 4 shows the tapping mode AFM topographic image of Cyt c/l-DNA molecular layer deposited onto mica. The section prole shows that the height of chain structure is ca. 3 nm which is clearly higher than l-DNA diameter. It indicates that Cyt c molecules are clearly bound to the l-DNA chain. The image also reveals that Cyt c plays a linker molecule between DNA chains. This result is consistent with the behaviour of surface pressure-area isotherm at the low pressure region as mentioned above. . Barrier compression of the monolayer was done after 2 h of subphase incubation at air-water interface. Cyt c molecules are observed as particles having two height components: one is the height of ca. 1 nm, and the other is that of ca. 2 nm. Fig. 3 Schematic illustration of the formation of Langmuir molecular layer of l-DNA, single component of Cyt c and Cyt c/DNA complex at the air-water interface after 2 h incubation. The number of molecules participating at air-water interface increases during subphase incubation. The portion of the molecule at the air-water interface is determined by the equilibrium between the bulk water and the interface. Due to the formation of complex between Cyt c and l-DNA, the equilibrium moves to the interface and this is manifested as the observed high surface pressure at air-water interface. 
It is already observed in Fig. 1 that single component l-DNA can form insoluble monolayer at air-water interface with incubation for long time. This result is consistent with a previous report for DNA self-assembly at air-water interface as was discussed earlier. 25 However the behaviour of DNA molecules in the Langmuir trough has not been resolved and the behaviour of isotherm is being le unanalysed well. In general, the increase of surface pressure involves two effects: one is the phase change including the molecular arrangements, orientation, assembly, and/or, aggregations in monolayer, and the other is mere increase of the number of molecules participating the adsorption process at air-water interface. For the discrimination of these two effects, we have introduced the analysis of isotherms using normalization by surface area (A) at a certain surface pressure (p). In the surface-area-normalized isotherms, the slopes actually mean two-dimensional Young's modulus for the monolayer at that pressure and overall shapes reect the behaviour of molecules at air-water interface excluding the effect of the number of molecules participating to the interface. In order to explore the effects of incubation time on the formation of monolayer at air-water interface, we have studied the surface pressure versus area isotherms of single component l-DNA, single component Cyt c, and Cyt c/l-DNA complex for different incubation time before running the isotherms as shown in Fig. 5-7 , respectively.
The surface pressure-area (p-A) isotherms aer 2 h and 8 h incubation for single component l-DNA are shown in Fig. 5a . When the incubation time is longer (i.e. 8 h), the surface pressure arises from larger surface area and reaches up to higher value of 36 mN m À1 when compared to shorter (i.e. 2 h) subphase incubation time. Fig. 5b represents normalized isotherms in unit of surface area at the surface pressure of 10 mN m
À1
. The normalized isotherm aer 8 h incubation indicates much larger tail around critical surface area than that of 2 h incubation. These tails indicate the presence of longdistance interaction before phase transition from gas to liquid states suggesting the formation of self-assembled loose and sos of l-DNA with increasing incubation time. In fact, when DNA solution spread onto aqueous subphase, initially all the DNA molecules were in random direction in the bulk solution phase. However, with the passage of time before barrier compression, DNA molecules starts to self-assemble together due to weak intermolecular interactions and nally they come at the interface to form their association, resulting the increase of surface pressure. Despite the difference of line shape, the slopes around 10 mN m À1 of surface pressure show the same value for incubation of 2 and 8 h. These results depict the behaviour of l-DNA at air-water interface where self-assembling of l-DNA molecules proceeds as increasing incubation time but the rigidity of liquid phase is not affected by incubation time. The incubation effect on single component Cyt c molecules was found to be different from that of l-DNA. Fig. 6a and b show the p-A isotherms of single component Cyt c with different incubation time, namely 1, 2, 3, 6, 7 and 8 h aer spreading the aqueous solution of Cyt c in the trough and the corresponding surface area-normalized isotherms at the surface pressure of 10 mN m À1 respectively. The isotherms in Fig. 6a show considerable change as increasing incubation time. As an indication for the number of molecules at air-water interface, the critical surface area can be dened from where there is rapid rise in surface pressure corresponding to a transition from gas to liquid phase of the monolayer. This can be estimated by extrapolating the linear portion of the curve to the area axis. As increasing the incubation time up to 6 h, the surface pressure increases three times that of 1 h incubation, and then a turn for decrease with further incubation. The change in its thermodynamic environment affects stabilities of intermolecular hydrogen bonding, hydrophobic and electrostatic interactions.
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In spite of noticeable change of the number of molecules at air-water interface, the normalized isotherms as shown in Fig. 6b are overlapped completely as the same curve suggesting that the long-time incubation affects merely the number of Cyt c molecules determined by diffusion and equilibrium between the bulk and the interface. It suggests no inuence to monolayer characteristics such as phase transition and partial aggregation. All the normalized isotherms of Cyt c show the reproducible shoulder at the surface pressure of 52 mN m
À1
where the slope of isotherms become slow upon compression. The presence of this shoulder implies that the protein is more susceptible to conformational changes at the air-water interface followed by more cohesive interactions in Langmuir monolayer.
35 This is possibly due to the change in orientation of the heme group of Cyt c upon compression of the monolayer or may be redissolving of the protein in the trough.
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In the present work, we study the formation of Cyt c/l-DNA complex molecular assemblies at air-water interface for various incubation times aer spreading the mixed solution of l-DNA and Cyt c onto the trough before the barrier compression. The isotherms of Cyt c/l-DNA mixed system show characteristic behaviours which are different from both single component system of Cyt c and l-DNA. Fig. 7a shows the surface pressure vs.
area (p-A) isotherms of Cyt c/l-DNA mixed monolayer for different incubation times of 1, 2, 3, 5 and 8 h at the air-water interface. From the isotherms it is observed that surface area of the Cyt c/l-DNA complex monolayer increases with increase in incubation time and reaches maximum for incubation within 3 h. On further increase in incubation time, the surface pressure decreases. The plots of critical surface area for the isotherms of Cyt Fig. 8 . We immediately observe that initially (up to 3 h) the critical area of Cyt c/l-DNA complex monolayer goes up and the area value is much greater than that of single component Cyt c monolayer. Interestingly, aer 3 h of incubation, the area of Cyt c/l-DNA complex monolayer at a particular surface pressure is somewhat less than that of single component Cyt c monolayer at air-water interface.
The normalized isotherms of Cyt c/l-DNA complex was found to be different from that of single component Cyt c as shown in Fig. 7b . The slopes show constant value until 3 h of incubation and then become steep with xed value aer 3 h of incubation. The correspondence of this discontinuity of the slopes in normalized isotherms with the saturation of critical surface area mentioned above at subphase incubation time of 3 h suggests following behaviours of Cyt c/l-DNA complexes. This rapid increase of critical surface area of Cyt c/l-DNA complex monolayer at air-water interface is shown in Fig. 8 . It is only due to the increase in number of complex molecules at the interface because the overall shapes of normalized isotherms do not change during this increase. The Cyt c and l-DNA molecules in bulk solution are incorporated into insoluble complex molecular network and the extent of the formation of this assembly increases with the passage of time and is in consistent with the result of the AFM observation as shown in Fig. 4 .
However, aer 3 h of incubation, the rate of adsorption decreases because of the formation of larger Cyt c/l-DNA aggregates which is also conrmed by AFM measurements. Cyt c/l-DNA complex Langmuir monolayer at surface pressure of 10 mN m À1 aer incubating the monolayer subphase for 5 h was deposited on a mica substrate by horizontal dipping method and the morphology of the lm was observed by AFM. Fig. 9 shows the AFM topographic image of Cyt c/l-DNA complex LB lm aer 5 h of subphase incubation. From this image we immediately recognize very large complex molecular aggregates some of them are having rod-like structures. In fact for such prolonged subphase incubation more number of Cyt c/l-DNA complex come at the interface. The strong columbic attractive interaction between Cyt c and DNA also results self-aggregation 37 of Cyt c in the backbone of DNA chains at air-water interface. The section prole shows the height of these aggregates in the range from 4 to 8 nm. In comparison with the AFM image of complex LB lm deposited aer 2 h incubation (see Fig. 4 ), the surface morphology is changed completely with long time incubation. Also during surface compression by barriers larger aggregates are formed due to more closer association of DNA chains having Cyt c bound in their backbone and these larger sized Cyt c/l-DNA complex aggregates eventually precipitate faster as bulk in the subphase with the passage of time resulting rapid decrease in theoretical surface area of Cyt c/l-DNA complex monolayer (Fig. 8) . As a consequence the Cyt c/l-DNA complex molecular network became fragmented at airwater interface. Therefore, the rod-like morphology of complex LB lm when transferred onto mica aer such a prolonged subphase incubation time is possibly due to aggregated rigid and fragmented complex molecular distribution instead of a continuous network. Such type of aggregation is not observed in single component of each Cyt c and l-DNA monolayer. 
Rigidity of interfacial monolayers: two-dimensional Young's modulus
The comparable consideration concerning normalized isotherms for three different systems, namely single component l-DNA, single component Cyt c, and Cyt c/l-DNA complex, is useful to understand three different interactions which are probably responsible for the formation of Langmuir monolayers: (1) DNA-DNA interaction, (2) DNA-protein interaction and (3) protein-protein interaction. As mentioned above, the slopes of normalized isotherms correspond to two dimensional Young's modulus. The values of the two-dimensional Young's modulus are summarized in Table 1 . The values for l-DNA and Cyt c/l-DNA complex monolayer before 3 h incubation are very similar to each other. This is because both the isotherms reect intrinsically the compression of DNA networks formed at airwater interface. As a result, the slopes for these systems represent almost the same Young's modulus around 50 mN m À1 for two-dimensional DNA network. However, on the passage of compression, the surface pressure of l-DNA arises gradually, while that of Cyt c/l-DNA complex shows clear threshold. This difference might come from the difference of molecular interaction involved, namely, long-chained l-DNA molecules give some surface pressure from the weak and loose self-assembled network formation before reaching to critical surface area. In the meantime, the interaction between cationic Cyt c and anionic l-DNA molecules generates rigid and restrictive fragments at the air-water interface resulting no surface pressure before reaching critical surface area. Schematic illustration of the monolayer compression for single component Cyt c, single component l-DNA, and Cyt c/l-DNA complex at air-water interface is shown in Fig. 10 . In contrast, Young's modulus of single component Cyt c monolayer shows the large value of 96 mN m À1 . This means that Cyt c molecule behaves like a hard sphere and forms cohesive monolayer. The value is also almost the same for the normalized isotherms of Cyt c/l-DNA complex assemblies aer 3 h incubation. This also implies that the large aggregates of Cyt c/ l-DNA complex is not network but hard body particles or fragmented rigid rod-like aggregates in consistent with the observed AFM image as shown in Fig. 9 . As mentioned earlier that this a-helical redox protein Cyt c has the isoelectric point (pI) about 10-10.5.
27 So, in this work, the positively charged lysin residues of Cyt c interacted with negatively charged phosphate backbone of l-DNA forming Cyt c/l-DNA molecular complex in aqueous solution and thereaer organized at air-water interface. However, the extent of interaction may depend upon different microenvironment. 32 For the complex monolayer at the interface, DNA has been used as the building block for the Cyt c/l-DNA complex molecular network. In our work, pH of the subphase aer spreading Cyt c/l-DNA mixed solution was 6.2. It is already reported elsewhere 32 that acidic condition is more favourable for Cyt c/l-DNA interaction. So, in the present experiment initially when Cyt c/l-DNA mixed solution was spread onto subphase, the DNA chains having Cyt c adsorbed onto its surface start to self-associate at the air-water interface with the passage of time. This leads to the increase in monolayer area coverage as well as surface pressure.
3.4. Polarization of Cyt c/l-DNA complex LB lm probed by electrostatic force microscopy To conrm the presence of ionic interaction between Cyt c and l-DNA, simultaneous observation of AFM topography and electrostatic force microscopy (EFM) images was performed as shown in Fig. 11 for Cyt c/l-DNA complex LB monolayer transferred onto mica by horizontal dipping method at a surface pressure of 10 mN m À1 aer 2 h incubation. In the topography image ( Fig. 11a) , the bright particle like protrusions are observed on DNA chain. These protrusions are 1-2 nm corresponding to the height of Cyt c molecules that slightly compressed by adsorption on a surface. On the basis of this identication, EFM image as shown in Fig. 11b represents one- by-one correspondence between topographical structure and electrical polarization in molecular level. Generally, it is well known that DNA on a mica surface has negative charge with regard to mica substrate. So, the bright contrast of l-DNA molecules in EFM image means that the positive end of the dipole between l-DNA molecule and mica surface face to the substrate. Similarly, the EFM image of the most part of Cyt c molecules has bright contrast indicating dipole along the same direction. This result implies that Cyt c molecules adsorb on not a mica surface but DNA molecules because oppositely directed dipole should be generated by the direct adsorption of positively charged Cyt c molecules to a mica surface. As mentioned above, the most part of Cyt c molecules give bright contrast but small number of the molecules shows wide variation as shown in section proles. The protrusions in topography image denoted by (p), (q), (r) correspond to the bright EFM contrasts of (p), (q), (r), respectively but in case of (o), EFM contrast is almost transparent. These results denitely suggested that Cyt c molecules are bonded to l-DNA and Cyt c/l-DNA complexes have diversity of the structure and orientation.
Conclusions
This work demonstrates that two highly water soluble biomaterials namely l-DNA and a redox protein Cyt c can make complex Langmuir interfacial layer at air-water interface. Surface pressure of single component systems of l-DNA or Cyt c and their mixtures were increased gradually upon barrier compression aer spreading their solution in the trough. We have succeeded to separate the two effects namely the phase change and the number of molecules involved in monolayer formation at air-water interface with the passage of time by considering normalized isotherms and critical surface area. Two-dimensional Young's modulus essentially compares the rigidity of the monolayers of single component l-DNA, single component Cyt c and Cyt c/l-DNA complex thereby conrming the formation of their complex molecular architecture at airwater interface aer various incubation times. The molecular level interactions in the complex monolayer were found to be same as that of single component l-DNA during the rst few hours of subphase incubation. However, it shows similar tendency to that of single component Cyt c monolayer at airwater interface. The decrease in surface pressure of Cyt c/l-DNA complex network at larger incubation time was due to the formation of rod-like aggregates as was also evidenced by AFM image of complex LB lm deposited onto mica aer 5 h of subphase incubation. . Barrier compression was done after 2 h of spreading Cyt c/ l-DNA mixed solution onto the subphase.
